Less than 2% of the 80-90% heritability of major psychiatric disease, for example, schizophrenia and manic-depressive illness is attributable to genes identified by linkage and association. Where is the missing heritability? The recently described PRDM9 gene imposes epigenetic stability on the XY body in male meiosis including Sapiens-specific variation relating to a gene pair (Protocadherin11XY) created by X to Y duplication at 6MYA. Thus sexually dimorphic variation that distinguishes the species may be transmitted between generations in epigenetic form that evades detection by linkage and association.
When a group of aspiring pioneers in molecular psychiatry met at Cold Spring Harbor in the summer of 1988, when the linkage strategy had yielded a signpost to the Huntington's gene 1 and was shortly to confirm the first mutations to be associated with neuropsychiatric disease, 2 a researcher seasoned in this field remarked that 'the thing about these techniques is that they have to work-you drain the pond dry and there are the genes'. After 22 years, when the PCR and microarrays have revolutionized molecular biology and there are a million markers across the genome the pond is dry, but the genes for the major psychiatric syndromes are thin spread on the pond floor. Why has psychiatric research not yet been revolutionized by molecular biology?
No conclusion meets with closer to unanimity than that the genes for psychiatric disease must be multiple and of small effect. How else could we have failed to find them? Schizophrenia and manic-depressive illness, the categorical disease entities bequeathed us by Kraepelin and Bleuler stand without molecular authentication or subdivision. These must surely be the prototypical polygenic disorders beloved of population geneticists, the inheritors of the evolutionary synthesis of Darwinian theory and Mendelian genetics.
The problem
Notwithstanding successive trawls with nets of decreasing mesh size, the genes fail to appear. A set of candidate genes identified on the basis of initial linkage studies failed to be replicated in larger sibpair examinations 3 or in a focused association study. 4 Other gene candidates identified from subsequent genome-wide association studies 5 have generally not achieved replication. The suggestion that copy number variants are relevant to psychosis has been widely considered, but is now known to be subject to unexpected technical problems, and received little support in relation to bipolar disorder from a systematic survey. 6 When asked at a recent schizophrenia congress to estimate how much of the heritability could be accounted for by known genes the chairman of the genome-wide association studies schizophrenia committee estimated between 1 and 2%. If psychosis is 80-90% heritable some genes are undoubtedly missing. If not detectable in populations of 5000 or more they are certainly small. Some workers 7 suggest that they may be numbered in hundreds if not thousands. There comes a point at which the genetic skeptic can be pardoned the suggestion that if the genes are so small and so multiple, what they are hardly matters, the dividing line between polygenes and no genes is of little practical consequence. Have we reached this point?
Simple questions justify reasking. Over 50 years ago, in an attempt to answer why schizophrenia persists in the face of a substantial fecundity disadvantage (the 'central paradox'), Book 8 posed the question whether a single gene with a high rate of mutation was involved. Fifteen years later, attempting to answer the same question Karlsson 9 argued that only a single gene could account for the observation that the balance of advantage (he thought 'creative intelligence') and disadvantage (the psychotic spectrum) with similar characteristics is present in all populations at approximately the same frequency, because if two genes separately were associated with such a balance it is infinitely unlikely that across the species the balance would be sustained-one gene would have been selected out.
Could a high mutation site such as that envisaged by Book escape combined scrutiny by linkage and genome-wide association? Association depends on such proximity of a pattern of sequence variation to a pathogenic locus that, within a given population and number of generations, the two have not been separated by recombination. A mutation hot-spot giving rise to a spectrum of sequences would not be detected. But because within families, for example siblings, the associated variation would be the same, it should be detected by linkage; no such gene of major effect emerges.
Sapiens-specificity
But suppose the mutation hot-spot were not just any hyper-variable element, that happened to be located close to a significant brain gene, but were one, as Karlsson suggested, that had significance for the species as a whole, would the rules necessarily be the same? The question raises issues such as the mechanism of speciation, the nature of species boundaries and their maintenance, and the molecular basis of intra-species variation, to which our increasing knowledge of the structure of genomes is relevant but as yet provides no simple answers.
Some of these issues are not new. At 4 years after publication of the Origin of Species TH Huxley wrote about Darwin's hypothesis that he was convinced that it was 'as near an approximation to the truth as 'the Copernican hypothesis was to the true theory of the planetary motionsy but for all this, our acceptance of the Darwinian hypothesis must be provisional so long as one chain in the link of evidence is wanting, and so long as all the animals and plants certainly produced by a common flock are fertile, and their progeny are fertile with one another, that link will be wanting. For so long, selective breeding will not be proved to be competent to do all that is required of it to produce natural species' (Huxley 10 p109). In other words, artificial selection had failed to produce distinct species by the criterion of hybrid infertility, and so it is today. Forsdyke 11 has recently drawn attention to two workers George Romanes 12 and William Bateson 13 who had identified the problem of inter-species sterility and its corollary intra-species variation as a key difficulty for Darwin's gradualist theory. Romanes' solution was that there is a mechanism of 'physiological isolation' that arises in the reproductive system independent of the mechanism of natural selection that adapts the organism to the environment. The obvious candidate is sexual selection acting on dimorphisms encoded by the X and Y chromosomes. Such dimorphisms distinguish species. Haldane's rule 14 -that when hybrid crosses are infertile or inviable-it is the hetero-gametic sex that is most affected-implicates a locus on the X chromosome. 15 The structure of the X is stable relative to the autosomes (Ohno's law) 16 and the Y is much more variable across species. One possibility is that species transitions are initiated by a rearrangement on the Y and consolidated by a change on the X.
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PRDM9 and PCDH11XY
New light on speciation is cast by the discoveries relating to the PRDM9 gene, that has been found to have a role both in speciation and recombination. This remarkable gene has been subject to positive selection for over 700 million years, has a zinc-finger domain that varies between, and even within, species, a KRAB motif and a histone H3 lysine 4 trimethylation capacity that suggests a role in relation to variations in chromatin structure. 18 Its most notable association is as the determinant of recombination sites in a species-specific manner.
A concept of speciation that takes account of these findings is that (1) each species is defined by a change on the Y chromosome that initiates a phase of sexual selection (by females on a new characteristic in males) that is terminated by (2) a change in a homologous region on the X chromosome, a change (3) that is validated by a new configuration of the X and the Y chromosomes by the mutated structure of the PRDM9 gene. Thus the new species is identified by the XY configuration (arrived at in the course of male meiosis in the XY body, a separate compartment), the new structure of PRDM9 and a new identifier of recombination sites throughout the genome.
What relevance does this have for the genetics of psychiatric illness? First it points a finger at the structure that defines the species-the configuration of the X and Y chromosomes validated by the PRDM9 gene. Second it identifies a form of variation created by the process of meiotic suppression of unpaired chromosomes built on this template. 19 Third it provides an explanation for the source of variation in this message-pairing of the X and Y that varies with sequence differences between the X and the Y chromosomes within the sex-specific segments. Fourth, and importantly, it provides a new target-the PRDM9 gene-for experimental attack on the problem.
New questions arise. What genetic sequences were acquired by the Y chromosome in hominin evolution? It is suggested that the Xq21.3 to Yp duplication at 6MYA created a hominin-specific stratum on the Y. 20 What gene sequences are relevant? Within this block the Protocadherin11XY gene pair has survived and is expressed from each chromosome in the brain. What function is identified by the human-specific configuration of XY genes? It was suggested by Paul Broca that cerebral asymmetry is the characteristic that confers on the species the capacity for language. 21 To know the sequence of the genome, and have markers all across it constrains the possible genetic basis of psychiatric disease. It may be that hyperpolygenic sequence variation is the only solution. But
The missing genes TJ Crow it is worth recollecting the concepts of Book and Karlsson, and considering a type of variation that has not been thought of, and an alteration of gene function that defines a species before concluding the search has eliminated all other possibilities.
